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PRESSURE- FUL5E  CHARACTERISTICS  OP  DEEP 
EXPLOSIONS  AS  FUNCTIONS  OP  DEPTH  AND  RANGE 


by 

John  P.  Slifko 


ABSTRACT:  Thirty- eight  TNT  and  18  HBX-3  charges  weighing  one,  eight,  and  fifty 
pounds  were  fired  at  depths  between  500  snd  lU, 000  ft;  pressure-time  data  were 
measured  directly  above  at  185-ft  depth.  The  shock  wave  peak  pressure  was  inde¬ 
pendent  of  depth  and  decayed  with  reduced  range  as  in  the  shallow  water  case. 
Durations  were  a  function  of  depth  alone.  Empirical  equations  were  derived 
which  shew  that  all  other  pressure -pulse  characteristics  can  be  expressed  as 
functions  of  depth  as  ..ill  as  range.  Values  obtained  for  HBX-3  here  gave  the 
same  ratios  to  TNT  values  as  previously  found  in  shallow  water. 
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PRESSURE  -  RJI£E  CHARACTERISTICS  OP  DEEP  EXPLOSIONS  AS  FUNCTIONS  OF  DEPTH  AND  RANGE 


The  work  reported  here  was  undertaken  to  provide  fundamental  data  needed  in  studies 
of  the  long-range  propagation  of  explosion  pressure  pulses  in  the  ocean.  This 
report  presents  for  the  first  time  a  method  of  separating  the  effects  of  depth  and 
of  range  on  pressure  pulse  characteristics.  This  significant  step  can  best  be 
grasped  by  looking  at  Table  IH  (page  36).  From  this  table,  pulse  characteristics 
of  TNT  and  HHX-3  explosions  can  be  calculated  as  functions  of  range  and  depth 
separately  or  together. 

The  project  was  supported  by  the  Advanced  Research  Projects  Agency,  under  AREA 
Order  610,  Amendment  No.  1,  NOL  Task  No.  NOL-785/ARPA.  Mention  of  conmerc tally 
available  products  in  this  report  doe 3  not  constitute  criticism  or  endorsement  by 
the  laboratory. 
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FRESSURE-HJLS2  CHARACTERISTICS  OF  DEEP 
EXPLOSIONS  AS  FUNCTION  OF  EEPTH  AID  RANGE 


1.  INTRODUCTION 


The  pressure  pulse  characteristics  for  explosive  compositions  fired  at  shallow 
depths  have  been  determined  from  cany  underwater  explosion  tests.  References 
1-3*  describe  typical  experiment s  of  this  sort. 

It  is  far  more  difficult  to  find  the  pressure  pulse  characteristics  of  deep 
explosions.  If  measurements  are  made  near  the  surface,  long  range  transmission 
effects  (including  refraction)  will  distort  the  pressure  pulse  and  the  effect  of 
the  ambient  pressure  at  the  explosion  cannot  be  uniquely  determined.  If  measure¬ 
ments  are  to  be  made  near  the  charge,  some  difficult  engineering  problems  will  have 
to  be  solved. 

One  experiment  has  been  carried  out  to  find  the  effect  of  depth  by  simulating 
the  deep  ocean  pressures  in  a  pressure  tank  (reference  U).  However,  the  experi¬ 
mented  conditions  were  severely  restricted. 

Some  relatively  simple  tests  have  been  performed  (references  5-7)  in  which  the 
pressures  were  recorded  Just  below  the  water  surface  and  directly  above  deep  explo¬ 
sions.  In  this  case,  no  distortion  of  the  pressure  pulse  resulted  from  refraction, 
since  the  propagation  of  the  pressure  pulses  was  essentially  normal  to  the  isovelo¬ 
city  layers.  However,  available  data  were  not  examined  to  determine  whether  the 
depth  effect  on  the  pressure  pulses  could  be  separated  from  the  effects  of  long 
range  transmission  (reference  8). 

In  the  tests  reported  here,  measurements  were  made  Just  below  the  water  surface 
directly  above  deep  explosions  as  in  the  tests  of  references  5-7 •  However,  addi¬ 
tional  shallower  shots  were  included  and  larger  charge  weights  were  fired.  This 
resulted  in  extending  the  range  of  the  variables  by  at  least  an  order  of  magnitude, 
thus  enabling  a  better  statistical  determination  of  the  effect  of  depth  and  range. 

The  effect  of  depth  was  determined  by  assuming  the  pressure  pul.se  character¬ 
istics  were  proportional  to  the  product  of  a  simple  power  function  of  depth  and  of 
a  power  function  of  reduced  range  required  by  the  principles  of  similitude  for  shal¬ 
low  explosions. 

2.  KXPERDOBRAL  ARRANGEMENTS 

The  tests  were  conducted  from  the  USB  QILLIB  (AGQB-A)  in  February  and  March 
at  1965  in  the  Atlantic  Ocean  approximately  HO  to  220  miles  east  of  llavthera 
Island  in  2600  to  3000  fathoms  of  water.  These  testa  were  designed  by 
K.  A.  Christian  and  were  executed  under  the  direction  of  V.  S.  Faux,  both  of  this 
Laboratory. 


"References  are  listed  on  pege  lA. 
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,2.1  CHARGES 

TW  charges  weighing  one,  eight,  and  fifty- seven  pounds  each  were  fired  at 
several  depths  bet  veer  ^00  ft  and  14,000  ft.  The  number  of  each  of  the  charge 
weights  fired  at  the  various  depths  is  given  in  Table  I.  The  1-lb  and  8-lb  charges 
were  cast  by  NOL  inv.c  flinders  and  with  a  L/D  ratio  of  about  1.0.  These  charges 
were  boostered  at  ih<*  top  end  of  the  cylinder  with  0.0662-lb  and  0.221- lb  cast 
pestolite  boosters  'To**  -ue  1-lb  and  8-lb  charges,  respectively.  The  cylindrical 
boosters  were  co-axial  v.th  the  TNT  charges,  and  the  top  of  each  booster  was  flush 
with  the  top  of  the  main  charge.  The  other  TNT  charges  fired  were  5 6- lb  Mark  2 
Nod  3  demolition  cbn.~f,;c~  with  an  additional  1-lb  pentolite  booster  strapped  to  the 
top  of  the  container  to  insure  proper  detonation;  only  7  out  of  12  of  these  deto¬ 
nated.  Attempts  to  fire  1000- lb  THE  charges  (eighteen  Mk  2  Mod  3  charges  strapped 
together  with  one  5&*1>  charge  boostered  as  above)  were  unsuccessful. 

One,  eight,  and  fifty-lb  HBX-3  charges  were  fabricated  at  NOL  and  were  boostered 
with  O.O062,  0.221,  ana  1.0  lb  of  cast  pentolite,  respectively.  These  charges  and 
boo  tars  were  cylindrical  and  the  boostering  geometry  was  similar  to  that  for  the 
1-  and  8-lb  TUT  charges.  The  charge  weights  and  nominal  firing  depths  are  also 

given  in  Table  1. 

Eighty  lbs  of  Ritramex  explosive  was  loaded  by  the  manufacturer*  into  8- in 
diameter  by  24-in  long  canisters,  and  each  charge  was  boostered  with  a  4-1/2- in 
diameter  by  9-in  long  primer  charge  of  EL-637  Comp  B  explosive  which  was  taped  to 
the  aide  of  the  Hitraner  charge.  In  addition,  a  1-lb  pentolite  booster,  with  a 
pressure  detonator  attached,  was  taped  flush  with  the  primer  charge  so  that  it  was 
as  nearly  as  possible  in  contact  with  the  main  charge.  The  firing  depths  are  given 
in  Table  I. 

Three  cylindrical  1-lb  pentolite  charges  cast  at  NOL  were  fired  at  the  depths 
shown  in  Table  1. 

In  addition  to  the  67  charges  fired,  the  following  11  charges  fa.iJ.ea  to  deto¬ 
nate  properly:  1-lb  TNT  (l),  8-lb  THE  (2),  57-lb  TNT  (5),  1000-lb  TNT  (2),  and 
80- ib  Hitramex  (l).  The  57-lb  THE  charges  were  subsequently  investigated.  It 
was  found  that  there  were  substantial  cavities  at  the  top  end  of  the  charges 
(reference  9)« 

2.2  mriATiilG  DEVICE  AND  RIGGING 

All  charges  were  initiated  with  a  hydrostatic  firing  device  manufactured  by 
Weston  Instruments,  Inc.,  Daystrom  Drawing  ,^80QAA1000.  These  devices  were  designed 
to  Initiate  special  percussion  detonatoi 3* at  nominal  depths  indicated  in  Table  I. 
Each  detonator  contained  about  l-l/2  grams  of  explosive  and  was  mounted  In  the 
detonator  well  of  the  pentolite  boosters.  The  nominal  depths  of  the  firing  devices 
were  not  sufficiently  accurate  for  our  jurpose  and  sonic  ranging  was  used  .0  find 
more  precise  depths. 

Two  methods  were  used  to  place  charges  at  the  firing  depth:  Free-fall,  in 
which  the  armed  charge  was  thrown  in  the  water  and  sank  until  the  firing  device  was 
actuated  by  the  ambient  pressure,  and  wire-guided  (reference  6)  in  which  the  armed 

*  Hitramex  was  purchased  from  the  E.  I-  deFont  de  Nemours;  the  composition  was  l0f> 
TNT,  DKT,  3<#  NaNOp  35^  HH^NO^  plus  iron  and  phosphorus. 

**  Fabricated  by  "ihe  Explosion  Dynamics  Division  of  NOL. 
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TABLE  I 

NUMBER  OF  CHARGES  FIRED  UNDER  VARIOUS  CONDITIONS 


Nominal 

Depth  TNT  HBX-3  _  _ Nitramex _  Pentolite 

(ft)  5-lb  5T^lb  l^lb  8- lb  50-lb  ^Tb  5&>-lb  1-lh 


500  3  2 

800  2  2 

1,200  2  2 

2,000  2  3 

3,000  2  1 

4,500  2  3 

7,000  3 

10,000 

14,000  1  2 


—  12 

2  1 

2  2  1 

2  1 

—  11 

111 


1 

1 

1 

1 

1 

1 


1 


3 

1 

1  —  1 
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charge  3 lid  down  a  wire  rope  held  vertical  by  a  900-lb  veight  at  the  deep  end-  The 
charge  was  secured  to  a  light  steel  frame,  the  top  and  bottom  ends  of  ifeich  were 
provided  with  guides  for  sliding  down  the  wire  rope.  The  charge  was  separated  from 
the  wire  rope  by  a  distance  greater  than  the  expected  bubble  radius;  i.e.,  2  to  7 
ft.  This  charge  was  initiated  in  the  same  manner  as  the  free-falling  charge. 
Approximately  32$  of  the  attempted  firings  were  wire  guided.  This  technique 
reduced  the  relative  horizontal  displacement  of  the  charge  and  ship. 


2.3  INSTRUMENTATION 

The  pressure-time  data  was  recorded  simultaneously  by  an  Ampex  FR-600  on 
magnetic  tape  and  by  oscilloscopes  on  phonographic  paper.  Both  recording  methods 
had  the  desired  capability  of  providing  a  permanent  record  only  a  minute  or  two 
after  the  events.  The  tape  data  was  also  used  in  ranging  the  charge  and  hydrophone 
depths. 


2.3.1  Sonic  Ranging  of  Charge  Depth.  The  explosion  depths  were  determined 
from  the  measurements  of  the  time  difference  between  the  arrivals  of  the  surface- 
bottom  and  the  bottom  reflected  pressure  waves,  and  from  the  average  velocity- 
depth  profile.  The  latter  was  obtained  from  the  velocities  calculated  from  the 
9 00- ft  B-T  measurements,  from  the  single  hydrographic  cast  made  to  only  85O  meters 
(2800  ft)  supplemented  by  the  results  of  deep  hydrographic  casts  previously  obtained 
at  approximately  the  same  area  and  time  of  the  year.  The  B-T  measurements  were 
made  quite  frequently — a  total  of  52  for  the  79  attempted  shots — to  account  for  the 
diurnal  temperature  changes  in  the  surface  layer;  the  measurements  nearest  the  time 
of  each  shot  were  used. 
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The  sonic  signals  for  ranging  the  charge  depth  were  picked  up  by  an  LC-3£* 
hydrophone  which  was  mounted  on  kOO  ft  of  low  noise  coaxial  cable  and  was  maintained 
at  a  depth  of  about  190  ft.  The  output  signal  of  this  hydrophone  was  also  used  to 
provide  a  trip  pulse  to  the  oscilloscopes.  Hie  hydrophone  signal  was  clipped  and 
amplified**  before  it  was  applied  to  the  inputs  of  channels  10  and  11  of  the  Ampex 
FR-600  tape  recorder.  A  time  base  consisting  of  10  kHz  signal  accentuated  every  1, 
10,  and  100  msec  was  applied  to  channel  lit.  See  Figure  1. 

2.3*2  Pressure-Time  Measurements.  The  shock  wave  and  bubble  pulse  pressure¬ 
time  data  were  obtained  with  another  LC-32  hydrophone  located  5  ft  above  the  hydro¬ 
phone  Just  described.  The  hydrophone  was  mounted  on  similar  low-noise  cable; 
however,  it  was  terminated  in  a  simple  RC  network  (reference  10)  to  reduce  reflec¬ 
tions  in  the  cable.  The  output  of  the  termination  network  was  coupled  directly  to 
the  input  (2. 10'  ohms)  of  a  "K"  amplifier  (reference  ll),  the  output  impedance  of 
which  was  100  ohms.  A  100  pF  condenser  was  used  to  couple  the  output  of  the  "K" 
amplifier  to  the  inputs  of  a  dual-beam  oscilloscope  (Tektronix  RM  565)  and  a  four- 
beam  Electronic  Tube  Corporation  Model  K-47C  oscilloscope  (Figure  1).  In  addition, 
a  200  ohm  output  of  the  dual  beam  scope  was  coupled  with  a  40  pF  condenser  to  the 
input  of  channel  8  of  the  FR-600.  Hius,  it  was  possible  to  record  from  the  ^ame 
hydrophone  a  total  of  10  channels  of  data,  each  with  different  amplification.  The 
3  dB  points  of  the  frequency  band  were  about  0.4  Hz  and  20  klz  for  the  tape  data 
(FM  recording  at  60  IPS )  and  about  0.4  Hz  and  50 khz  (hydrophone  limited)  for  the 
oscilloscope  data.  The  data  from  both  oscilloscopes  was  recorded  on  photographic 
paper  with  Polaroid  cameras. 


3.  ANALYSIS  OF  DATA 

Most  of  the  data  analyzed  was  obtained  from  channel  8  of  the  FR-600  tape 
recorder;  the  dual  beam  oscilloscope  data  was  from  five  shots  which  were  not  recorded 
on  the  FB-60O.  In  addition,  the  oscilloscope  data  from  five  other  shots  was  analyzed 
to  compare  with  the  FR-600  recordings  of  the  same  shots,  'ftie  programs  used  on  the 
IBM  7090  computer  were  essentially  the  same  for  the  two  cases,  except  that  the 
method  of  reading  the  data  from  the  records  and  the  form  of  the  input  data  differed. 

3-1  ANALYSIS  OF  FM  TAPE  DATA 

The  magnetic  tape  data  was  digitized  by  the  Mathematics  Department  of  the  Naval 
Ship  Research  and  Development  Center  on  their  Computer  Data  Format  Translater  (CIFT) 
which  provided  a  maximum  sampling  rate  of  2000  samples  per  second.  The  tape  data 
was  first  played  back  on  the  KSRDC  Ampex  FR-600  at  a  speed  of  3-3/4***  in/sec,  and 


*  Manufactured  by  Atlantic  Research  Corp.,  Alexandria,  Va.  It  should  be  noted 
that  low  frequency  distortion  was  probably  introduced  by  the  LC-32  hydrophone. 
In  special  shock  wave  response  tests  (reference  12)  of  tourmaline  and  ceramic 
gauges  at  the  IOC  psi  level,  it  was  shown  that  the  pressures  from  LC-10  and 
IC-32  gauges  decayed  too  slowly  due  to  a  relaxation  effect,  resulting  in  large 
shock  wave  impulse  values.  However,  it  was  not  determined  whether  or  not  the 
relaxation  effect  persisted  at  lover  pressure  levels,  such  as  those  recorded 
from  the  deep  shots  reported  here. 

**  Radiation  Electronics  Co.,  Model  TA-5  Amplifier. 

***  An  attempt  was  made  to  play  back  the  tapes  at  1-7/8  in/sec  in  order  to  realize 
the  full  band  width  capabilities  of  the  recorder;  i.e.,  20  kHz.  Unfortunately, 
this  speed  resulted  in  a  considerable  increase  in  playback  noise  level,  so  the 
3-3 A  in/sec  speed  was  vised. 
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the  analog  output  was  then  sampled  and  digitized  1875  times/sec  on  the  COPT.  Since 
the  tape  data  was  recorded  at  60  in/sec,  the  sampling  rate  was  equivalent  to  30,000 
sample s/sec  in  recorded  time. 

“Hie  CUFT  digitized  tape  data  was  on  a  low  density  binary  tape  containing  21 
words  per  record  in  viiich  the  first  word  represented  the  identification  number  and 
the  time  (in  msec)  of  the  first  sample  of  that  record.  The  remaining  20  words 
represented  60  consecutive  samples  of  the  pressure  or  calibration  data.  The  number 
of  records  was  determined  before  hand  on  the  basis  of  the  duration  of  the  pulse 
required  to  be  digitized.  Next ,  a  decimal  dump  of  the  CUFT  digital  tape  was  obtained 
at-  NOL  by  means  of  the  program  TESTP  (reference  13).  The  program  NEWGRL  (reference 
13)  was  then  used  on  the  IEM  7090  computer  to  calculate  the  maximum  pressure, 
impulse,  energy,  pulse  duration,  spectral  amplitude  and  energy  density,  and  the 
octave  band  spectral  energy  of  the  pressure  pulse.  3he  program  is  quite  flexible 
so  that,  for  instance,  the  above  pulse  characteristics  can  be  calculated  for  any 
portion  of  the  pressure  pulse,  the  frequency  interval  in  the  spectral  energy  density 
calculations  could  be  varied,  the  number  of  octave  bands  changed,  etc.  The  program 
SPRING  (reference  13)  was  used  with  NEWGFL  to  provide  plots  of  the  amplitude  and 
energy  spectra,  in  dB,  as  a  function  of  log  frequency.  Spectral  energy  data  are 
reported  in  reference  14. 

3.2  ANALYSIS  OF  OSCILLOSCOPE  IttTA 

The  few  examples  of  pressure-time  data  obtained  from  oscilloscope  records 
were  read  manually  from  photographic  films  at  discrete  time  increments  of  equal 
value  (16-2/3  ijsec)  on  the  NOL  Telereadex.  (Riotographic  films  were  made  from  the 
original  Polaroid  prints  to  facilitate  the  reading  of  the  data  on  the  Telereadex. ) 
Each  pressure  datum  point  was  punched  on  an  IBM  card,  and  these  cards  were  used 
with  program  PAPPY  (reference  13)  on  the  IBM  7090  to  compute  the  pulse  and  spectral 
characteristics  mentioned  above. 

3-3  ANALYSIS  OF  ANALOG  TAPE  DATA 

The  analog  tape  data  were  played  back  on  the  NOL  FR-600  and  a  Visicorder*  was 
used  to  provide  a  graphical  record  of  pressure  as  a  function  of  time.  All  pressure 
and  all  time  duration  values  of  the  various  phases  of  the  pressure  pul.se  reported 
herein  were  obtained  from  these  records.  Onl'  the  impulse  and  energy  values  reported 
herein  were  obtained  from  the  digital  tape  daw;  i.e. ,  program  NEWGRL.  !Rie  reason 
the  pressures  and  time  durations  were  not  obtained  from  the  digital  data  was  that 
the  sampling  rate  was  too  coarse  in  ^any  cases  to  provide  accurate  peak  pressure 
values  and  also  that  the  noise  on  the  pressure-time  records  made  it  difficult  to 
determine  (from  program  TESTP)  the  times  at  which  pressures  were  equal  to  the  ambient 
pressure.  It  should  be  noted,  however,  that  although  the  nmytmwn  pressures  nay 
differ  by  as  much  as  t  10 £  by  the  two  methods  on  some  shots,  the  resulting  equations 
of  p^  vs  W1/ 3/r  were  essentially  identical. 

4.  RESULTS 

The  shock  wave  and  bubble  pulse  data  are  shown  in  Table  II  far  TUT,  HBX-3, 
pentolite  and  Nitramex.  Representative  pressure-time  records  are  reproduced  in 

*  The  Visicorder  (Model  906b}  Is  a  paper  recorder  complete  with  12  channels  of 

amplifiers  and  a  aultispeed  paper  drive.  It  is  manufactured  by  Honeywell,  Inc., 
Denver,  Colorado. 
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Figure*  2  and  3*  The  TUT  and  HBX-3  reduced  data  are  plotted  in  Figures  4  through 
16,  and  the  equations  of  the  curves  in  these  figures  are  summarized  in  Table  HI. 
The  sparse  data  obtained  for  pentolite  and  Kitranex  vere  not  sufficient  for  making 
plots. 


In  this  report,  the  shock  wave  is  also  called  "the  first  positive  phase"  since 
all  integrations  of  impulse  and  energy  were  carried  out  to  the  time  at  which  the 
shock  wave  pressures  decayed  to  the  ambient  pressure  level.  This  crossing  point  is 
clearly  defined,  in  contrast  to  the  shock  waves  from  shallow  water  explosions  for 
wiiidi  the  time  at  which  the  pressure  decays  to  ambient  pressure  is  quite  uncertain. 
In  all  these  pressure-time  records,  the  base  line;  i.e.,  ambient  pressure  level, 
was  not  adjusted  as  was  done  in  references  15  and  l6  to  correct  for  instrumentation 
errors. 

In  an  attempt  to  determine  the  effect  of  explosion  depths  upon  the  pressure 
pulse  characteristics,  Y,  it  was  assumed  that  Y  was  proportional  to  the  product  of 
two  functions  of  independent  variables:  a  function  of  only  the  total  charge  depth, 
ZQ,  and  a  function  of  only  reduced  range,  R/w1 -'3 .  <Ehe  latter  function  had  been 
determined  by  the  principles  of  similitude  from  shallow  water  explosions  and  is 
assumed  to  be  valid  for  all  depths.  The  relationship  is: 

*  -  g(Zc)  f  (R/tf173)  (4.1) 

where  Y  is  pressure,  reduced  impulse,  1/w1/3,  reduced  energy,  or  a  reduced 

time  interval  between  characteristic  points  in  the  pulse, t/w^/3,  and  \here  ZQ  = 
charge  depth  +  33  ft,  R  is  range,  and  W  is  charge  weight.  By  assuming  power  laws 
for  g  of  a  form  similar  to  that  used  for  f  (reference  10),  equation  (4.1)  becomes: 

Y  »  k • Zoa* (R/W 1/3 )P  (4.2 ) 

where  3  is  a  ccustant  determined  empirically  from  shallow  water  explosions,  and 
where  k  and  a  are  constants  determined  by  the  method  of  least  squares  from  the 
measured  values  of  Y,  ZQ,  and  (r/wV3).  The  results  are  shown  in  Table  III  and 
discussed  below. 

The  relaxation  (hysteretic)  effect  of  the  hydrophone  used  results  in  a  lag 
(see  footnote  page  4)  in  the  response  to  a  decaying  pressure  so  that,  for  example, 
positive  pressures  may  still  be  recorded  after  the  explosion  pressures  have  entered 
the  negative  pha'-  .  Tfre  magnitude  of  this  distortion  increases  with  increase  in 
the  shock  wave  peak  pressure  level.  Hence,  for  the  smaller  reduced  ranges,  all  data 
recorded  subsequent  to  the  shock  wave  peak  pressure  (except  the  bubble  periods)  were 
affected.  This  is  apparent  in  the  graphs  shown.  Since  the  relationship  between  the 
magnitude  of  this  distortion  and  the  pressure  level  is  not  known,  a  criterion  was 
adopted  arbitrarily  to  eliminate  from  the  least  squares  determination  all  data 
(except  the  bubble  periods  and  shock  wave  peak  pressures)  recorded  at  reduced  ranges 
less  than  about  500  ft/lb V3  (15 -20  psi). 

4.i  RESULTS  FOR  THT 

The  results  reported  here  are  compared  with  similar  earlier  data  obtained  by 
HOL  in  1949,  1963>  and  1964  and  reported  by  Blaik  and  Christian  (reference  8).  In 
addition,  some  shallow,  long-range  shots  reported  by  Arons  (reference  3)  and  some 
short-range  bubble  data  (references  15  and  16)  are  compared. 
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4.1.1  TlfT  Pressures.  The  first  positive  phase  (shock  wave)  peak  pressures, 

Ppp,  are  plotted  for  TUT  in  Figure  4  for  reduced  ranges  of  R/vA/3  between  200  and 
14,000  ft/lb^/3.  A  lsast  squares  fit  to  these  data  showed  that  the  pressures  varied 
as  the  reduced  range,  R/wl/o,  to  the  -1.13  power,  as  was  determined  by  Arons  (refer¬ 
ence  3)  from  long-range,  shallow-water  explosions,  by  Blaik  and  Christian  (reference 
8)  from  long-range,  deep  explosions,  by  Vanzant  and  DeHart  (reference  4)  from 
short-range  simulated  deep  explosions,  and  by  Bebb  and  by  Coles,  et  al  (references 
1  and  2)  from  short-range  shallow  water  explosions.  The  pressures  of  references 
1,  2,  3,  4,  and  8  were  only  about  to  8£  larger  than  the  present  peak  pressures, 
and  for  clarity  were  omitted  from  Figure  4.  In  general,  the  peak  pressure  ,  from 
the  1-lb  charges  were  lower  than  those  from  the  8- lb  and  57- lb  charges.  All  peak 
pressures  were  read  from  the  apparent  peaks ;  i.e. ,  without  correction  for  the  finite 
gauge  size  and  the  20  kHz  recording  response.  This  nay  account  for  the  slightly 
lower  peak  pressures,  particularly  those  for  the  1-lb  charges. 

A  similar  plot  of  the  first  bubble  pulse  maximum  pressures,  Fg,  against  aM/3 
shows  that  the  pressures  were  slightly  depth  dependent,  as  was  Indicated  by  a  slight 
but  significant  Increase  in  the  slope  of  the  curve  at  a  reduced  range  of  about 
4000  ft/lb^/3.  'Bij.*  effect  was  not  observed  in  reference  8,  probably  because  the 
TUT  measurements  were  made  from  explosions  confined  to  depths  greater  than  4000  ft; 
i.e.,  6000  to  22,000  ft,  and  because  the  scatter  in  the  data  was  large.  If  it  is 
assumed  that  the  bubble  peak  pressures  can  be  represented  by  simple  power  laws 
involving  depth  as  well  as  the  similitude  requirements  of  charge  weight  and  range 
(i.e.,  as  in  Equation  4.2)  it  can  be  shown  by  using  the  method  of  least  squared,  that 
k  =  3300  and  a  is  essentially  zero;  i.e.,  independent  of  depth,  for  depths  less 
than  about  4000  ft.  For  larger  depths,  however,  a  significant  Increase  in  Pg  was 
observed  with  Increase  in  .charge  depth:  a  *  l/6  when  0  *  -1.00.  This  is  shown 
In  Figure  5  where  Pg(R/wV3 )  j.*  plotted  against  ZQ.  Reference  8  data  (not  shown) 
for  1-  and  8-lb  TFT  charges  fired  between  6000  and  22,000  ft  depths  are  in  good 
general  agreement  with  our  data. 

A  comparison  of  bubble  pressures  from  1-lb  TFT  charges  fired  at  512- ft  depth 
(reference  1?)  and  at  reduced  ranges  of  2.85  and  5.6?  ft/lb1/^,  shows  reference  15 
pressures  to  be  about  5%  smaller  than  ours.  Approximately  the  same  difference  was 
found  with  reference  16  results  for  500-  and  250- ft  depths  at  a  reduced  range  of 
2.84  ft/lbVS. 

From  an  incompressive  approximation  of  the  pulsating  bubble,  Arons  derived 
the  following  expression  (reference  16)  for  the  minimum  pressure  of  t..e  first  bubble 
negative  phase: 

Pmln  «  -5.16  Zq2/3  (R/W1/3)"1'00  (4.3) 

By  assuming  cur  pressures  also  to  vary  inversely  with  the  reduced  rcnge,  the  effect 
of  charge  depth  upon  the  pressure  is  shown  in  Figure  6  by  plotting  Pil4n(R/w1/3) 
against  ZQ.  From  a  least  squares  fit  to  the  data  for  Zc  <  45OO  ft,  the  pressure 
varied  as  the  total  charge  depth,  Z  ,  to  the  2/3  power,  as  was  determined  by  Arons. 
The  absolute  pressure  level  computed  from  Arons*  equation  (4.3)  was  about  7>  larger 
than  ours. 

Below  4500  ft,  however,  a  change  in  ’lope  occurs,  and  the  negative  pressures 
vary  as  depth  to  the  l/3  power.  Interestingly  enough,  the  reference  8  pressures, 
when  plotted  on  the  Figure  6  scales,  do  net  show  this  change  in  slope. 
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4.1.2  Tire  impulses.  Tne  first  positive  phase  impulse,  ipp,  was  reduced  bv 
the  factor  (wVl/^T'and  is  shovn  plotted  against  reduced  range  in  the  lover 
graph  of  Figure  7>  The  exponent  of  Zq  vas  determined  by  applying  least  square  fits 
to  the  data  in  Equation  4-2  vhere  Y  *  Ipp/vV3  and  0  -  -O.97. 

Additional  unreported  data  were  obtained  by  NOL  from  a  1.8-lb  THU  charge  fired 
in  the  Pacific  (reference  19 )  at  865-ft  depth  and  measured  at  a  horizontal  range  of 
about  84 00- ft  and  15 00- ft  depth.  The  transmission  characteristics  were  such  that 
the  pulse  vas  not  refracted ,  and  the  reduced  impulse  of  the  first  positive  phase  is 
shovn  yi  Figure  7  to  be  in  good  agreement  with  cur  data  for  a  reduced  range  of  69 00 
ft/lbV3.  Also  shovn  are  the  reference  8  first  positive  phase  impulses  from  1-lb 
end  8- lb  TUT  charges  fired  at  depths  of  6000-22,000  ft.  They  average  about  25$ 
higher  than  the  values  reported  here* 

The  insert  at  the  bottom  of  Figure  7  shovs  the  reference  4  first  positive  phase 
impulses  obtained  from  8.5  end  14.8  gram  pentolite  charges  fired  in  a  fresh  water 
filled  tank  pressurized  to  simulate  ocean  depths  of  1150  to  9 000  ft.  The  Impulses 
are  about  25$  higher  than  our  data  for  TXT  extrapolated  to  reduced  ranges  of  1-10 
ft/lbV3. 

Reference  3  shallow  vater  (Zq  *  75  ft)  shock  wave  impulses  were  measured  from 
1/2-lb  pentolite  charges  at  reduced  ranges  from  100  to  1000  ft/lbV3.  Adjustment 
of  this  data  to  include  the  impulse  in  the  entire  positive  phase  (reference  18) 
results  in  very  good  agreement  with  our  curve  in  Figure  7. 

The  first  bubble  pulse  Impulse  vas  reduced  by  the  factor  (V^/Zq2/5)  and  is 
shovn  plotted  against  reduced  range  in  the  upper  graph  of  Figure  7-  The  exponent 
of  Zo  vas  similarly  determined  from  Equation  4.2;  however,  in  this  case,  the  value 
of  p  was  assumed  to  be  -1.00.  Reference  8  first  bubble  pulse  reduced  impulses  are 
also  plotted  in  Figure  7-  An  extrapolation  of  our  curve  to  the  large  reduced  ranges 
shove  reference  8  values  to  be  about  20$  larger  than  our  impulses.  Reference  l6 
gives  values  of  bubble  impulses  measured  at  a  very  small  reduced  range  from  TOT 
charges  fired  at  about  500- ft  and  250-ft  depths.  Extrapolating  the  impulse  curve 
for  our  data  to  this  reduced  range  of  2.84  ft/lb^/3  gives  impulse  values  equal  to 
the  reference  l6  impulses.  A  similar  comparison  with  reference  15  impulses  is  almost 
equally  good  for  a  512- ft  charge  depth  and  reduced  ranges  of  2.84  and  5-69  ft /lb  V  3. 

Bit  bubble  impulse  and  the  bubble  maximum  pressu  e  were  calculated  for  a  1-lb 
charge  for  ZQ  »  R  ♦  210  ft  from  Arons'  incompressible  bubble  theory  (reference  17). 
The  calculated  impulses  were  within  15$  of  our  curve  for  reduced  ranges  less  than 
10,000  ft/lb1/ 3  j  wl  a  similar  deviation  was  obtained  for  the  calculated  bubble 
pressures  for  reduced  ranges  less  than  4,000  ft/lbV3. 

4.1.3  TOT  Energy  Flux  Densities.  The  energy,  Epp,  in  the  first  positive  phase 
for  TOT  Cas  well  as  HHX-3)  is  shown  in  Figure  8.  The  data  were  reduced  by  the  factor 
wl/3/tgl'5;  the  exponent  of  Zq  was  determined  by  a  least  squares  fit  to  Equation  4.2 
with  exponent  0  taken  as  -2.07.  The  energies  of  reference  8  are  shown  for  compari¬ 
son;  they  are  about  25$  higher  than  the  corresponding  values  of  this  report. 

Also  shovn  in  Figure  8  is  an  unreported  energy  value  of  the  first  positive 
phase  measured  at  a  reduced  range  of  69 00  ft/lbVT  (reference  19).  This  value  is  in 
good  agreement  with  our  data.  The  reference  3  shock  wave  energies  averaged  about 
10$  less  than  our  curve  in  Figure  8  for  reduced  raises  between  100  and  1000  ft/lb1/3. 
*0  energy  values  were  reported  in  reference  4. 
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U .  1 .  k  Pulse  pur  at  long.  Vigu re  2  shows  the  natations  used  fOT  th* 

pulse  durations.  Figures  9  and  10  show  how  the  duration*  of  the  various  phases  of 
the  pressure  pulse  through  the  first  bubble  positive  phase  vary  with  Zq,  the  total 
charge  depth.  (The  shock  wave  rise  times  are  not  included  here,  since  the  slow 
response  of  the  recording  and  playback  system  masked  the  true  rise  times.  The 
actual  rise  times  are  less  than  the  55  *  5  microseconds  recorded  on  all  shots* ) 

As  a  result  of  the  hydrophone  relaxation  effect,  the  recorded  values  of  T^p  were 
too  small  and  the  recorded  durations  of  Tpp,  and  Tgpp  were  too  large  at  the 

smaller  reduced  ranges. 

These  figures  show  that  the  reduced  first  bubble  period,  and  the 

reduced  duration  of  the  first  bubble  negative  phase,  Tjjp/vA/3,  varied  as  the  total 
charge  depth  to  the  -5/6  power  for  all  explosion  depths  between  500  and  15,OK)  ft. 

The  equation  for  Tjp/wV3  in  reference  8  Obtained  for  1-  and  8-lb  TUT  charg  .s  for 
charge  depths  from  6500  to  22,000  ft  is  identical  to  that  reported  here,  /iso  the 
equation  for  Tj/tfl/3  is  in  good  agreement  with  values  reported  in  references  5,  8, 

15,  and  16  for  non -migrating  TWT  bubbles. 

The  reduced  duration  of  the  first  bubble  rise  time,  %■  /w1^,  varied  as  the 
-0.93  power  of  Z0  over  the  entire  range  of  depths  (Figure  10;;  however,  because  of 
the  short  durations  at  the  greater  depths,  the  precision  of  measurement  is  only  fair. 

The  reduced  durations  of  the  first  positive  phase,  Tpp/W1^,  and  if  the  first 
bubble  phase,  Tgpp/wV3,  also  varied  as  the  total  charge  depth  to  the  -5/6  power, 
but  only  for  charge  depths  less  than  about  H5OO  ft.  For  larger  depth  1,  a  signifi¬ 
cant  departure  from  the  -5/6  slope  was  observed  for  these  two  duratic  is.  The  curves 
drawn  by  eye  through  the  cluster  of  durations  for  explosion  depths  ol  .V5OO,  7000, 
and  lk, 000  ft  show  a  slope  of  -2/5  for  Tpp/W^/3 ,  and  -3/5  for  Tjpp/tf3  /3.  The  cor¬ 
responding  reduced  durations*  of  references  6  and  8  in  the  depth  inti  rval  of  6000- 
22,000  ft  are  in  good  agreement-  It  should  be  noted  that  k500  ft  is  the  depth  for 
which  significant  changes  in  the  first  bubble  pressures  occurred. 

Shallow  water  (ZQ  *  75  ft )  shock  wave  time  constants  were  shewn  In  reference 
3  to  increase  with  increase  in  .reduced  range  at  a  rate  (3/wV3)9.?2  for  reduced 
ranges  as  large  as  2000  ft/lb1/^.  Our  reduced  time  constants**  (0/wV3),  however, 
were  independent  of  reduced  range;  the  measured  values,  after  correction  for  the 
20  kHz  response,  were  170,  160,  and  150  microsec/lbV3  for  the  1-,  8-,  and  57-lb  . 

TMT  charges,  respectively,  in  the  reduced  range  interval  ol*  500  to  lk, 000  ft/lb^/3. 
The  spreading  of  the  profile  (reference  3)  with  increase  in  range  is  apparently 
counteracted  by  a  compression  of  the  profile  with  increase  in  charge  depth.  This 
can  be  shown  from  Equation  k.2,  where  a  selection  of  a  reasonable  value  for  8  results 
in  a  being  the  negative  of  that  value.  The  best  fit  to  our  data  is  obtained  when 

-a  =  0  «  0.10. 

Equation  k.2  and  what  little  other  data  was  reported  (reference  18  and  19)  were 
vised  to  determine  the  effect  of  reduced  range  upon  the  durations  of  the  first  posi¬ 
tive  phase,  Tpp.  The  effect  was  negligible:  8  was  less  than  0.05  when  a  was  assumed 
to  be  -5 /6.  However,  as  more  data  become  available,  especially  measurements  at 

*  Some  durations  in  Figures  9  and  10  are  not  reported  in  references  6  and  8  but 
were  specially  read  for  inclusion  in  this  report. 

**  The  time  constant  is  defined  as  the  time  required  for  the  peak  pressure  to  decay 
to  36.8$  of  its  peak  value,  as  for  exponential  pulses,  although  our  pulses 
approach  a  linear  decay  far  the  very  large  depths. 
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and  depth  dependence  will  be  obtained. 

4.2  RESULTS  FOR  HBX-3 

Table  I  lists  the  HBX-3  shots  fired.  Although  the  .shallowest  shot  was  at  1200 
ft,  the  reduced  ranges  varied  from  500  to  14,000  ft/lb1/^.  No  earlier  deep  HBX-3 
data  are  available,  so  comparisons  are  made  only  with  shallow  explosion  data,  and 
one  set  of  close-in  measurements  aade  at  500-ft  depth. 

4.2.1  HBX-3  Pressures.  In  figure  11,  the  HBX-3  first  positive  phase  (shock 
wave)  peak  pressures  are  plotted  against  reduced  range  (r/v^-73)  between  500  and 
14,000  (ft/lbV3).  a  least  squares  fit*  to  the  data  shows  that  a  slope  of  -1.14 
la  maintained  to  14,000- ft  depths.  The  same  value  of  slope  was  reported  in  refer¬ 
ence  20  from  several  series  of  HBX-3  charges  fired  at  reduced  ranges  of  only  1.65 
to  21.5  ft/lb^/3  at  about  a  30- ft  depth.  The  line  of  Figure  12  was  extrapolated 
to  these  short  ranges  and  the  reference  20  values  were  found  to  lie  about  2%  below 
the  line. 

The  peak  pressures  found  here  were  3  to  7$  smaller  than  those  for  TRT  at  the 
corresponding  ranges.  This  is  slightly  smaller  than  the  results  of  shallow- water, 
short-range  measurements,  as  summarized  in  reference  21.  There,  the  peak  pressure 
of  HBX-3  averaged  3^  higher  than  that  of  TUT. 

As  in  the  case  of  TMT,  the  first  bubble  maxima  pressure,  Pj,  can  be  expressed 
by  Equation  4.2.  If  0  is  assumed  to  be  -1.00,  the  method  of  least  squares  applied 
to  the  data  gives  k  *  2100  and  a  essentially  zero  (independent  of  charge  depth)  for 
ZQ  l*8®  than  about  4000  ft.  For  ZQ  >  4000  ft,  however,  the  pressure  Increases  with 
increase  in  charge  depth  and  a  =  0.15  when  0  =  -1.00.  This  is  shown  in  Figure  12 
ifcere  Fjj*  (R/W^/j)  is  plotted  against  ZQ. 

Reference  15  reports  bubble  maximum  pressures  from  1-Jb  HBX-3  charges  fired  at 
a  512-ft  depth  and  reduced  ranges  of  2.85  and  5-69  ft/lb1/*.  The  reference  15  pres¬ 
sures  were  about  5%  smaller  than  our  values  obtained  from  the  appropriate  equation 
in  Table  HI  for  the  above  reduced  ranges.  Vhile  the  absolute  values  differ,  the 
ratio  of  the  first  bubble  maximum  pressures  far  TUT  to  those  for  HBX-3  is  essentially 
the  same  here  (O.62)  and  in  reference  15  (0 .64). 

The  effect  of  depth  upon  the  first  bubble  minimum  pressure,  P_^n,  was  determined 
from  Equation  4.2,  with  0  -  -  1.0.  In  Figure  13,  the  pressure,  reduced  by  (yl/3/R), 
is  plotted  against  Z  .  A  least  squares  fit  to  the  data  for  Zq  3»  3000  ft  gives  i/2 
for  the  exponent  of  ZQ  and  -l6. 5  for  the  proportionality  constant  k.  At  the  shal¬ 
lower  depths,  the  scatter  is  too  great  and  the  data  too  few  to  fit  a  line  as  was 
done  for  TNI  in  Figure  5.  However,  if  the  two  8-lb  and  one  50-lb  data  points  were 
eliminated  because  of  relaxation  effects,  an  extension  of  the  curve  (dashed  line) 
would  provide  a  good  fit  to  the  remaining  data  including  that  from  reference  15. 

4.2.2  HBX-3  Impulses ♦  In  Figure  14,  the  HBX-3  first  positive  phase  impulse, 
reduced  by  (w/Zq)-*-/^,  is  plotted  against  reduced  range  between  values  of  400  and 
14,000  ft/lb^'3.  The  parameters  k  and  a  were  determined  from  Equation  4.2  assuming 
an  exponent  of  -0.97  for  the  reduced  range;  these  are  shown  in  Table  III. 

*  The  very  small  pressures  at  R/y1/^  -  2550  and  3400  were  not  used  In  this  or  other 
determinations  since  all  pressure  characteristics  for  these  two  shots  were  syste¬ 
matically  low. 
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The  impulse  values  found  here  were  about  22#  greater  than  those  for  TOT  at  the 
corresponding  conditions.  This  1 s  consistent  with  the  short  range  data  \4iich  aver¬ 
aged  24#  greater  (reference  21).  When  the  line  in  Figure  14  is  extrapolated  to  the 
short  ranges  and  shallow  depths  for  which  the  impulse  equation  in  reference  20 
applied,  the  agreement  is  to  within  a  few  percent  if  the  differences  in  impulse 
due  to  integration  times  are  taken  into  account. 

The  impulse  of  the  first  bubble  positive  phase,  Ig,  reduced  by  is 

also  plotted  in  Figure  14  against  reduced  range.  Again,  k  and  a  were  obtained  from 
Equation  4.2,  assuming  0  =  -1.00,  and  are  given  in  Table  III.  5Hiis  line  wa.3  extra¬ 
polated  to  the  very  short  ranges  (2.85  and  5*^9  ft/lb^'^)  of  -the  reference  15  shots 
fired  at  512-ft  depth.  Even  at  this  great  extrapolation,  the  reference  15  impulses 
were  only  3#  higher  than  our  values. 

It  xs  interesting  to  note  that  while  the  HBX-3  bubble  pulse  impulse  is  about 
20#  greater  than  the  TNT  values,  the  HBX-3  bubble  pulse  maximum  pressures  are  only 
about  2/3  of  the  Tin?  values.  This  is  because  the  positive  duration  of  the  HBX-3 
bubble  pulse  is  much  greater  than  that  of  TOT.  The  20#  difference  between  TOT  and 
HBX-3  bubble  pulse  impulses  found  here  can  be  compared  with  the  30#  difference 
reported  in  reference  15 . 

4.2.3  HBX-3  Energy  Flux  Densities.  The  reduced  energy  of  the  first  positive 
phase  for  HBX-3  plotted  against  reduced  range  is  shown  in  Figure  8,  which  also 
shows  the  TUT  energy.  As  done  for  TOT!,  the  best  fit  to  Equation  4.2  was  one  in 
which  the  HBX-3  energy  was  reduced  by  (yV3/g  1/5).  However,  in  this  case  the 
exponent  of  the  reduced  range  was  as  sinned  to  be  -2.04. 

A  comparison  of  the  HBX-3  and  TOT  energies  obtained  in  this  study  shows  that 
the  HBX-3  energies  are  10#  to  20#  larger  than  the  TOT  energies  at  depths  between 
500  and  10,000  ft.  Reference  21  gives  for  short  range  shallow  data  a  value  for 
HBX-3  of  1-28  relative  to  TOT. 

The  line  of  Figure  8  was  extrapolated  to  the  short  ranges  and  shallow  depths 
where  the  equation  for  energy  given  in  reference  20  is  applicable;  the  reference  20 
values  were  all  0-10#  below  the  line. 

4.2.4  HBX-3  Pulse  Iterations.  Reduced  pulse  durations  are  shown  in  Figures  15 
and  16  as  functions  of  depth*. 

The  range  of  depths  is  not  as  large  as  that  far  TOT  and  considerably  fewer  data 
were  obtained.  However,  the  scatter  in  the  data  for  the  first  bubble  period,  T^, 
and  for  the  duration  of  the  negative  phase  Tgp,  was  small  and  a  least  squares  fit 
provided  a  slope  of  -5/6  down  to  depths  of  10,000  ft.  The  first  bubble  period  coef¬ 
ficient  of  5.35  was  2.4#  less  than  the  reference  15  value  obtained  from  1-lb  charges 
detonated  at  a  512-ft  depth. 


The  reduced  values  of  the  first  positive  phase  Tpp  and  the  bubble  positive  phase 
duration  Tgpp  also  varied  as  Z0"5/°  for  depths  down  to  about  5 000  ft.  For  depths 


*  Three  pressure-time  records  were  obtained  from  14,000- ft  HBX-3  shots.  However, 
for  lack  of  sonic  ranging  data,  the  depths  for  these  three  values  were  determined 
from  the  experimental  bubble  period  equation.  The  depths  thus  calculated  were 
used  only  with  the  Tpp,  and  data. 
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greater  than  5 000  ft,  a  departure  from  this  slope  was  observed  similar  to  that  for 
TUT}  the  absolute  magnitudes  of  the  slopes  were  slightly  larger  than  the  correspond¬ 
ing  ones  far  TUT. 

As  was  the  case  for  TOT,  a  straight  line  was  drawn  throu^i  the  reduced  bubble 
rise  time  data  Tjgj  between  1200  and  14,000- ft  depths;  a  slope  of  0.90  was  obtained. 
The  HEX- 3  bubble  pulse  rise  times  were  58$  to  70$  greater  than  the  TOT  rise  times. 

The  increase  in  time  constant  with  increase  in  range  was  again  counteracted  by 
a  corresponding  decrease  with  increase  in  depth;  the  reduced  time  constants  were 
Independent  of  depth  and  range  and  were  200,  182,  and  182  microsec/lb*-' 3  for  the  1-, 
8*,  arid  50-lb  charges,  respectively. 

4.3  KETBAMEX  kSD  EEOTOLITE 

Vitramex  and  Pentolite  pressure  pulse  measurements  are  included  in  Table  II. 

So  graphs  and  equations  are  presented  since  only  four  80- lb  Nitramex  charges  were 
fired  at  depths  between  2800  and  10,300  ft  and  only  three  1-lb  pentolite  charges 
were  fired  between  550-  and  6600-ft  depths.  Ike  results  of  these  shots  are  compared 
with  the  TUT  results  at  corresponding  conditions.  Since  the  scatter  in  the  Nitramex 
data  is  large,  the  Hitramex  results  are  not  considered  reliable. 

4.3.1  Hitramex  Comparison  with  TNT.  Ike  values  of  the  Nitramex  shock  wave  and 
bubble  pulse  characteristics  are,  in  general,  considerably  smaller  than  those  for 
TIT.  Ike  first  positive  phase  peak  pressures  averaged  about  70$  of  the  TNT  pressures 
and  the  first  bubble  peak  pressures  averaged  about  60$  of  the  corresponding  TNT  pres¬ 
sures.  The  absolute  value  of  the  bubble  minimum  pressure  averaged  about  70$  of  the 
TUT  pressure.  The  first  positive  phase  impulse  and  the  first  bubble  impulse  were 
comparable  to  the  TlfP  values  at  the  shorter  ranges;  at  the  greater  ranges,  they  were 
75$  and  60$  of  the  corresponding  TNT  impulses.  The  energy  in  the  first  positive 
phase  averaged  55$  of  the  THT  energy  for  the  longer  ranges  and  was  comparable  for 
the  shorter  reduced  ranges.  Ike  Nitramex  reduced  durations,  however,  are  in  fair 
agreement  with  the  corresponding  THT  values;  in  general,  the  Nitramex  reduced  dura¬ 
tions  fall  within  the  scatter  of  the  TOT  data,  Tgprp  being  slightly  higher  and  Tgjjj, 
slightly  lover.  Ike  average  value  of  the  first  bubble  period  coefficient,  K^,  was 
about  4.24,  or  2.3$  less  than  for  TOT. 

4.3.2  Pentolite  Comparison  with  TOT.  The  three  values  of  Pentolite  first 
positive  phase  peak  pressure  are  in  very  good  agreement  with  the  sh&J1  'v  water  pento¬ 
lite  and  TOT  data  of  reference  3*  The  three  data  points  are  within  tne  scatter  of 
our  TOT  data,  and  no  significant  difference  can  be  obtained.  (Reference  21  gives 
Pentolite  as  having  an  8$  higher  value  than  TOT  at  short  ranges. )  The  pentolite 
bubble  maximum  pressure,  both  impulses,  and  the  first  positive  phase  energy  were 
roughly  25$  greater  than  the  corresponding  1-lb  TOT  data.  All  reduced  durations 
were  within  the  scatter  of  the  TOT  plots,  and  the  average  value  of  the  first  period 
coefficient,  K^,  was  4.40.  The  reference  5  value  of  was  4.47  far  6000-ft  depths. 


5*  SUMMARY  AND  CONCLUSIONS 

An  attempt  has  been  made  to  determine  the  effects  of  reduced  range  and  of  the 
depth  of  an  explosion  upon  the  pressure  pulse  characteristics  frcxn  data  measured  at 
ranges  nearly  equal  to  the  charge  depths.  The  following  equation  was  used  for  each 
pressure  pulse  characteristic: 
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Y  =  k  Zoa()t/Wi/5)B 

The  similitude  sealing  lavs  of  reduced  range  for  shallow  water  explosions  were  used 
to  find  the  parameters  for  all  depths  of  explosion.  The  parameters  in  the  abcnre 
equation  and  the  limits  of  the  independent  variables  are  given  in  Table  IH  for  each 
pressure  pulse  characteristic  measured.  In  general,  good  agreement  was  obtained  by 
extrapolating  the  characteristics  dependent  on  depth  and  reduced  range  to  correspond¬ 
ing  data  obtained  from  shallow  water  explosions  at  short  and  long  ranges,  from  short 
range  measurements  at  intermediate  and  large  depths  and  for  an  isolated  case  of 
intermediate  charge  depth  and  long  range.  However,  for  a  better  check  on  the  vali¬ 
dity  of  the  relationships  developed  for  the  dependence  on  depth  and  reduced  range, 
pressure  measurements  are  required  from  deep  and  intermediate  depth  explosions  at 
short  and  intermediate  ranges. 

Some  conclusions  drawn  from  this  analysis  show  that  within  the  precision  of  the 
measurements,  only  the  shock  wave  peak  pressures,  Ppp,  were  independent  of  depth  and 
only  the  pulse  durations  were  independent  of  reduced  range.  The  absolute  magnitudes 
of  the  bubble  minimum  pressure,  Pmin,  and  of  the  bubble  peak  pressure,  PR,  (only  for 
Za  >  4000  ft)  Increased  with  Increase  in  depth;  all  other  characteristics  measured 
decreased  with  increase  in  depth.  Of  all  the  depth-dependent  characteristics,  the 
effect  of  depth  was  greatest  upon  the  first  bubble  rise  times  and  least  upon  the 
first  bubble  peak  pressure.  However,  the  effect  was  great  upon  the  other  pulse 
durations  and  upon  the  bubble  minimum  pressure.  At  a  depth  of  about  4500  ft,  a 
change  occurs  in  the  effect  of  depth  upon  the  bubble  minimum  and  peak  pressures,  and 
upon  the  durations  of  the  first  positive  phase  and  of  the  first  bubble  positive 
phase.  The  effect  of  depth  counteracts  that  of  the  reduced  range  so  that  the  shock 
wave  time  constants  are  constant  for  all  depths  and  reduced  ranges  for  this  case 
tdiere  ZQ  m  r  +  210.  Comparisons  of  the  HBC-3  pressure  pulse  characteristics  with 
those  of  TMT  were  in  good  general  agreement  with  similar  comparisons  made  in  shallow 
water,  and  at  a  5 00- ft  depth. 
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FIG.  1  BLOCK  DIAGRAM  OF  PRESSURE -TIME  RECORDING  SYSTEM 
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FIG .  3  HBX-3  PRESSURE-TIME  RECORDS  FOR  TWO  WEIGHTS  AND  SEVERAL  DEPTHS 
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FIG.  10  REDUCED  PRESSURE  PULSE  DURATIONS:  T/W ,/J  VS  Z  FOR  TNT 

o 


POSITIVE  PHASE  PEAK  PRESSURE 


d  'aoNva  aaDnaaa  x  aanssaad  wnwiNiw  aiaar.a 


CHARGE  DEPTH  +  33,  (FT) 


FIG.  16  REDUCED  PRESSURE  PULSE  DURATIONS:  T/W1/3  VS  Z  FOR  HBX-3 
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TABLE  III 

EMPIRICAL  EQUATIONS  FOR  PRESSURE  PUI£E  CHARACTERISTICS* 

Characteristic  T  =  k  ZQa  (r/w1/3)9 
(W  in  lbs;  R  and  Zq  in  ft) 

*  k  a  8  Limits  of  Variable 

TNT 


Pp*  0) 

'■  (») 

’■  (3) 

'«■  (!J) 

■-  (») 

v"1  fcKfe) 
V"*  (rfSs) 

V'’  0*) 

■"v,‘  0b) 

V'’  0b) 


20,800 

0 

-1.13 

3,300 

0 

-1.00 

875 

1/6 

-1.00 

-77 

1/3 

-1.00 

-4.8 

2/3 

-1.00 

14.7 

-1/3 

-0.97 

38.5 

-2/5 

-1.00 

8,100 

-1/5 

-2.07 

0.555 

-5/6 

0 

0.0145 

-2/5 

0 

3.10 

-5/6 

0 

14,000  *  R/w1/3  a  200 

4,000  *  ZQ  2  500 

15,000  *  Z  a  4,000 
o 

14,000  a  ZQ  a  4,500 
4,500  a  Zq  a  500 
14,000  a  r/w1/3  a  500 
8,000  a  R/H1^ 

a  500 

14,000  a  R/w1/3  a  500 
4,500  a  Zq  500 
22,000  a  Zq  a  4,500 
14,000  a  Zq  a  500 


See  Fig.  2  and  text  for  definitions  of  characteristics  Y 
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TABLE  III  (continued) 

mPIRICAL  EQUATIONS  FOR  PRESSURE  PULSE  CHARACTERISTICS 


T 

k 

a 

0 

Limit  s  of  Variable 

9a. 

t  At1/3 

/  -  \ 

1.10 

-5/6 

A 

4,500  a  zq  *  500 

tbpp/w 

R75) 

U 

9b. 

T  /W1/3 

tbpp/ 

0.155 

-3/5 

A 

22,000  a  Zq  i  4,500 

R75) 

0 

10. 

Tj^/W1/3 

4  34 

-5/6 

0 

14,000  at  Z  a;  500 

0 

11. 

T  /W1/3 

tbrt/ 

/  »ec  \ 

1.25 

-0.93 

14,000  a  Zq  a  500 

0 

12. 

ppp 

(?) 

23,500 

0 

-1.14 

14,000  at  r/w1/3  *  400 

13a. 

PB 

(?) 

2,100 

0 

-1.00 

4,000  at  Z  i  500 

0 

13b. 

PB 

(?) 

600 

0.15 

-1.00 

15,000  at  Zq  at  4,000 

lb. 

P*in 

(5) 

-16.5 

1/2 

-1.00 

14,000  at  Z  *  3,000 

15. 

W"173 

/  lbs* sec  \ 
yin2Ib81/3J 

17.9 

-1/3 

-0.97 

14,000  at  R/W1/3  *  500 

16. 

i,/"1/3 

/  lba'sec  \ 
X^-lbs1^3/ 

46.0 

-2/5 

-1.00 

14,000  2  r/w1/3  at  500 

17. 

V"173 

/  in* lbs  \ 

7,310 

-1/5 

-2.04 

14,000  at  r/w1/3  2  500 

18a. 

’pX73 

0.75 

-5/6 

5,000  at  Z  2  1,000 

O 

R75 

0 
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TABI£  III  (continued) 

empirica:  equations  por  pressure  pulse  characteristics 


Halts  of  Variable 


0.01*38 

-1/2 

0 

14,000  *  Z  i  5,000 

3.55 

-5/6 

0 

10,000  *  Z  a  1,000 

1.74 

-5/6 

0 

5,000  *  Z  i  1,000 

0.1*2 

-2/3 

0 

ll*,000  2  z  2  5,000 

5.35 

-5/6 

0 

10,000  *  Z  i  1,000 

1.60 

-0.90 

0 

14,000  2  Z  a  1,000 
0 
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APPENDIX  A 
ENERGY  SPECTRA 


Energy  spectra  of  the  pressure  pulses  are  of  Interest  in  determining  hov  the 
reduced  range  and  depth  affect  the  distribution  of  the  energy  with  respect  to  fre¬ 
quency.  The  energy  spectra  of  the  first  positive  phase  and  of  the  total  pressure 
pulse  (through  one  or  more  bubble  periods)  have  been  reported  for  our  data  In  ref- 
ference  14,  and  for  the  reference  8  data  in  reference  22.  In  both  cases,  however, 
the  depth  and  range  were  treated  as  the  sue  variable. 

Reference  14  spectra  of  the  first  positive  phase  show  that  the  maximum  values 
occurred  at  the  lowest  frequencies,  and  this  energy  value  for  the  500-ft  shots  was 
about  10  dB  larger  than  for  the  14,000- ft  shots.  The  spectra  for  all  depths  of 
explosion  decreased  with  Increasing  depth,  converged  at  a  reduced  frequency  of  shout 
1500  Hz-lb^/B  and  diverged  again  as  the  frequency  Increased  further.  At  the  high* 
est  frequency  (~  20  kHz-llA/3),  the  energy  of  the  shallowest  shots  was  again  about 

10  dB  larger  than  that  for  the  14,000-ft  shots.  A  similar  effect  was  observed  in 

reference  14  for  the  spectra  of  the  total  pressure  pulse,  except  that  the  m 

(peak)  in  the  spectrum  for  each  depth  occurred  at  the  respective  bubble  frequency 
of  the  first  bubble  oscillation. 

The  reference  14  and  22  energy  spectra  and,  Weston's  energy  spectra  (reference 
23l  of shallow  water  data,  were  reduced  by  the  square  of  the  impulse;  i.e.,  by 
V^/j/r^,  determined  from  shallow  water  explosions.  In  view  of  the  reduced  range 
and  depth  dependence  upon  the  Impulse  determined  in  this  report,  all  energy  spectra* 
should  be  reduced  by  the  factor  w4/3/r2. ^2/3.  Such  a  reduction  results  in  a  coin¬ 
cidence  of  all  maximum  (peak)  energy  levels  at  the  low  frequency  end  and  also  in  a 
coincidence  of  all  spectra  at  the  high  frequency  end  (about  20  kIz-lbV3)  0f  the 
spectrum,  for  both  types  of  pulses.  Also,  the  spectra  for  the  first  positive  phase 
diverge  at  the  aid- frequencies  so  that  the  spectrum  for  the  14, 000- ft  explosion 
depth  was  larger  by  8  to  10  dB  than  that  for  the  500- ft  shot.  Such  a  divergence 
reflects  a  continuous  change  in  the  wave  fora  of  the  first  poiltive  phase;  i.e., 
from  an  exponential  to  a  triangular  pulse  as  the  depth  increases  (see  Figure  2). 

The  maximum  deviation  for  the  case  of  the  total  pulse  occurs  at  the  frequency  of  the 
first  bubble  oscillation.  Figures  A-l  and  A-2  are  reproductions  of  Figures  7  and 

11  in  reference  14  with  adjustments  in  energy  level  for  the  effect  of  depth.  The 
non-conformance  of  the  50Q-tt  depth  spectra  at  the  highest  frequency  is  probably  the 
result  of  gauge  relaxation. 


*  For  the  shock  wave  Impulse,  the  range  exponent  of  -O.97  is  considered  to  be  -1.00, 
as  Weston  assumed.  Although  the  Hubble  impulse  is  proportional  to  the 

energy  spectra  of  the  total  pulse  is  more  nearly  proportional  to  (ZQ  -1/3)2  sine, 
the  energy  in  the  first  positive  phase  predominates  over  most  of  the  frequency 
range  (references  21  and  22). 


A-l 


# 


„  ,, . ,,,,  ra  *  <9  rw 


+  10 


NOLTR  67-87 


A -2 


FIG  A-  1  SHOCK  WAVE  OCTAVE  BAND  ENERGY  FOR  TNT  CHARGES 
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